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Relaxor behavior and lattice dynamics have been studied by employing dielectric measurements 
and neutron scattering methods for a single crystal of Ki-xLixTaOa (x = 0.05), where a small 
amount of a Ca impurity (~ 15 ppm) was incorporated during the single crystal growth procedure. 
The dielectric constant e'{uj, T) shows qualitatively similar behavior to that of Ca-free KLT with x = 
0.043 with both compositions exhibiting relaxational properties with no evidence for a ferroelectric 
transition. The absolute value of e'{uj,T = 0) for the present crystal is larger by an order of 
magnitude than that of the Ca-free sample due to charge carriers induced by the Ca doping. This 
large value is shown to be due to a Maxwell- Wagner relaxation process associated with the low 
temperature (< 8 K) activation of frozen electronic carriers. The dielectric loss tangent tan 5 
reveals three Debye-like relaxations with Arrhenius activation energies of 80, 135, and 240 meV that 
are assigned to Li"*" dipoles, Ca^+ -related relaxation and the Li^'^-Li"'' dipolar pairs, respectively. 
In the neutron scattering results, diffuse scattering ridges appear around the nuclear Bragg peaks 
along the [100] direction below ~ 150 K and phonon line broadening features start to appear at even 
higher temperatures suggesting that polar nano-regions (PNR's) start to form at these temperatures. 
These results are supported by the dielectric data that reveal relaxor behavior starting at ~ 200 K 
on cooling. From analyses of the diffuse intensities at different zones, we have derived atomic 
displacements in the PNR's. The results suggest that the displacements include a uniform phase 
shift of all of the atoms in addition to the atomic displacements corresponding to a polarization 
vector of the transverse optic soft ferroelectric mode, a finding that is analogous to that in the 
prototypical relaxor material Pb(Mgi/3Nb2/3)03. 



I. INTRODUCTION 



Relaxor fcrroclcctrics that have a relatively large di- 
electric permittivity over a wide temperature range have 
attracted a significant amount of attention due to their 
high potential for device applications as well as their sci- 
entific challenges. It is now widely believed that relaxor 
behavior, whose universal signature is a frequency(w)- 
dependent peak in the dielectric constant e'{w,T), arises 
from the relaxational nature of randomly-oriented polar- 
ized nano-regions (PNR's). However, the mechanism for 
the PNR formation is not fully understood yet. In partic- 
ular, unlike the case for displacive ferroelectric materials, 
possible contribution of the zone-center transverse optic 
(TO) soft phonons to the PNR condensation still remains 
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to be clarified. 

The relaxor material system Ki_a;Lij,Ta03 (KLT(x)) 
provides a unique opportunity for systematic research 
ranging from a relaxor state in the material at low Li 
concentrations to a ferroelectric state at high concentra- 
tions. The parent compound KTaOa is an incipient fer- 
roelectric material that does not undergo a ferroelectric 
transition^ although the TO soft mode softens remark- 
ably at low temperature!^ On substituting at the K+ site, 
the much smaller Li+ ion occupies an off-center positions 
resulting in a large dipole moment that is the precursor 
for PNR formation on cooling. At high Li concentration, 
the PNR's percolate, and the system achieves ferroelec- 
tric order. 

Although the system KLT(a;) has been studied exten- 
sively by Raman scatteringjMi^ and its soft mode char- 
acter is well-established, only a few neutron scattering 
studies have been carried out mainly to explore the role 
of the soft mode of the host crystal in the formation and 
growth of the PNR's. Yong et al& have studied the dif- 



2 



fuse neutron scattering in KLT that originates from PNR 
formation. They reported a strong diffuse intensity at 
(110) and its absence at both (100) and (200). If we as- 
sume a PNR condensation from the TO soft mode as in 
the case of the ordinary ferroelectrics, then the structure 
factors for the diffuse and the inelastic scattering by the 
TO mode should agree. However, it is found that the 
inelastic structure factor for the TO soft mode of KLT at 
(200) is much larger than that at (110) in disagreement 
with the diffuse scattering intensities. 

Such disagreements between the diffuse intensities and 
inelastic structure factors have also been reported in the 
relaxor material Pb(Mgi/3Nb2/3)03 (PMN)ii Moreover, 
in this latter case, the atomic displacements determined 
from the diffuse intensities at several zones do not con- 
serve the center-of-mass (CM)ia These facts suggest an 
apparent disconnection between the PNR condensation 
and the soft phonon mode in PMN. However, Hirota et 
alX have reconciled these two observations by introduc- 
ing a model of the soft mode condensation that incor- 
porates an additional uniform phase shifty in which the 
total atomic displacements can be divided into two com- 
ponents. One component originates from the normal con- 
densation of the TO soft mode that conserves the CM, 
and the other component represents a uniform shift of all 
of the atoms in the polarization direction. 

In the present paper, we report and discuss dielectric 
and neutron scattering experiments performed on KLT 
with X = 0.05. The results provide detailed views of the 
response and physics of this crystal. An additional objec- 
tive is to determine if the anomalous lattice dynamical 
features observed in the prototypical relaxor PMN are 
common to other ABO3 relaxors. This comparison offers 
us a unique opportunity to compare two different types 
of relaxors, one is KLT in which off-center impurity ions 
trigger a local polarization (PNR's) on the incipient fer- 
roelectric background, and the other is PMN in which 
random occupation of the _B-sites by two different ions 
with different valences produces the disorder that breaks 
long-range ferroelectric (FE) correlations and order re- 
sulting in the formation of a relaxor (R) state. 



II. EXPERIMENTAL DETAILS 

The KLT samples used in the present study were 
< 100 > oriented single crystals cut from one boule that 
was grown by solidification from the melt. The boule was 
nominally undoped, but our dielectric measurements (to 
be presented below) suggested the presence of an uninten- 
tional dopant leading to some electronic conduction and 
a high dielectric loss. Subsequent analysis revealed the 
presence of only Ca impurity (at a level of ^ 15 ppm) in 
the starting powder used in the crystal growthiiS Clearly, 
some of the Ca was incorporated into the crystal, but at 
a sufficiently low level that was difficult to quantify. The 
crystal was colorless with no indication of any significant 
free carrier absorption that usually produces a blue col- 



oration in more highly conducting crystals of this type. 
Although the Ca dopant had a definite influence on the 
dielectric properties, normally it would not be expected 
to have a significant influence on the lattice dynamics 
measured by neutron scattering. 

It is well established that not all of the Li in the start- 
ing mixture of the oxides is incorporated into the growing 
crystal during the solidiflcation process due to segrega- 
tion coefficient effects. It is estimated that 35 % of the 
Li content in the growth charge is incorporatediii The 
Li composition of our KLT crystal (~ 5 at.%) was esti- 
mated from the amount of Li in the melt and from the 
established relationship between the peak temperature in 
the e'(T) response and the Li content Henceforth we 
shall designate our composition as KLT(5):Ca. 

For the dielectric measurements, the large (100) faces 
of the crystal were polished using colloidal silica and were 
subsequently covered with vapor-deposited chromium 
followed by gold. The sample was investigated by di- 
electric spectroscopy with measurements of the real (e') 
and loss (tan (5) parts of the dielectric function per- 
formed as functions of temperature (4—300 K), frequency 
(10^ — 10^ Hz) and hydrostatic pressure (0 — 7.5 kbar). 
The pressure system consisted of a compressor and an in- 
tensifier that fed the pressure-transmitting medium (he- 
lium gas) into a cell placed in a low temperature Dewar. 
The pressure was measured using a calibrated manganin 
gauge to an accuracy of better than 4%. 

The neutron scattering experiments were performed 
using triple axis spectrometers SPINS at NIST, LTAS at 
JAEA, and TASl at JAEA. The diffuse scattering was 
measured at SPINS and LTAS with an incident neutron 
energy of E'i = 5 mcV (A = 4.04 A) and a coUimation 
sequence: Guide-80'-S-80'-open (S denotes the sample), 
and also at TASl with E, = 14.7 meV (A = 2.36 A) 
and 40'-40'-S-40'-80'. The phonon modes were studied at 
TASl with a fixed final energy of i?/ = 14.7 meV and 40'- 
40'-S-80'-open. Beryllium and pyrolytic graphite filters 
were utilized for the measurements with A = 4.04 A and 
A = 2.36 A, respectively, to remove those neutrons with 
higher harmonic wavelength (A/2, A/3, etc.). 

A KLT(5):Ca crystal with dimensions of 6 x 10 x 
13 mm^, cut from the same crystal boule that was 
used for the dielectric measurements, was prepared for 
the neutron scattering experiments. The crystal was 
mounted in an unstrained manner on an aluminum post 
using aluminum foil, and the aluminum post was then 
masked by a cadmium plate to avoid any scattering from 
it. The sample was sealed in an aluminum can filled with 
He gas, and placed in a He-gas closed-cycle refrigerator 
with the [100] and [010] axes in the horizontal scatter- 
ing plane. In the temperature range 10 < T < 295 K, 
the crystal structure was cubic as evidenced in the neu- 
tron scattering resolution, with a lattice constant 3.95 A, 
corresponding to a reciprocal lattice unit (r.l.u.) of 
1.59 A-i. 



III. Li AND Ca SUBSTITUTION IN KTaOs 

Before presenting the dielectric and lattice dynamics 
properties, we briefly review in this section the effects of 
Li and Ca substitution on KTaOa. 

The substitution of Li+ for K+ in KLT raises an im- 
mediate issue. The K+ ion has a radius of 1.3 A and 
fits well in the lattice, occupying a centrosymmetric po- 
sition in the oxygen ion cage that surrounds it in KTaOa 
(Fig. 1 (a)). The Li+ ion, on the other hand, is too small 
[n = 0.68A), and the oxygen cage dimension is too large 
in comparison. This is a circumstance that occurs rela- 
tively often in solids with the expected consequence that 
the small ion will shift to an off-center position. This is 
expected for Li in KLT, and indeed, this effect was ob- 
served early oniiSiiiii The shift, as expected from the 
lattice symmetry, is in the [100] direction (Fig. 1 (b)) 
and is quite large (1.2 A)pii In this off-center position, 
the Li+ ion has a relatively large dipole moment, which 
can interact with neighboring Li dipolcs. Additionally, 
because of the high polarizability of the KTaOa host, the 
Li dipole can polarize adjacent unit cells resulting in po- 
lar nano-regions. These are precisely the conditions that 
lead to dipolar glass and relaxor behavior. Indeed, this 
is what is observed experimentallyiiSii^ 

Leungi^ has performed a first-principles study of Ca^+ 
substitution in KTaOa. Although his study is for KTaOs 
and not on KLT, we believe that the results are relevant 
to our Ca-doped KLT crystals. The results show that 
Ca^"*" substitutes at both the K+ and Ta^+ sites. At 
the K+ site, the Ca antisite, Caj^, would be expected to 
produce a K vacancy, but Leungs results find this cir- 
cumstance highly unfavorable energetically. Thus, the 
Ca^"*" simply donates an electron. At the Ta^"*" site, the 
Ca^+ binds to an oxygen vacancy (Vq), thereby forcing 
the Ca^+ off-center and resulting in a dipolar complex. 
(Oxygen vacancies are formed on Ca^+ substitution to 
preserve charge neutrality, and they are also native de- 
fects in perovskites). The calculations predict that the 
activation energy for the reorientation of the (Ca-Vo) 
dipole via oxygen- vacancy hopping within the first neigh- 
bor shell exceeds 2 eV. This large energy precludes the 
direct involvement of the (Ca-Vo) complex in the ob- 
served new relaxations that have much lower activation 
energies in the present KLT crystals. (See the next sec- 
tion.) 

Early worliiJ^ on Ca-doped KTaOg (KT) has sug- 
gested that the Ca is fully ionized at room temperature. 
Presuming that Ca^+ substitutes at the K+ site. Sen- 
house et ali^ showed that the net ionized donor concen- 
tration is equal to the Ca concentration. These results 
would suggest that most of the Ca^+ resides at the K+ 
site. However, impurities and defects (primarily oxygen 
vacancies that are prominent defects in ABO3 oxides and 
in Ca-doped KT— ) can also be sources of free electrons. 
Wemploi also showed that there is no "freeze-out" of the 
Ca-generated electrons in KT down to temperatures ap- 
proaching liquid helium temperature. 
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FIG. 1: (a) The ABO3 structure of KLT showing the off- 
center position of the Li ion at the K site. The Li+ hops 
among 6 equivalent positions, 4 of which are shown in (b). 
(c) shows the configuration of the co-linear Li^-Li"*" ion pairs. 



When present in sufficient concentrations (>~ 
10^^/cm'^) the Ca-generated free electrons in Ca-doped 
KT and related crystals produce free carrier absorp- 
tion and an associated blue coloration. In our present 
KLT(5):Ca crystal the Ca was present in small amounts, 
and consequently these crystals were colorless - contain- 
ing relatively few free electrons and no noticeable free 
carrier absorption. However, this small amount of Ca 
had a significant influence on the amplitude of dielec- 
tric response and also a minor influence on the lattice 
dynamics. (See later discussion.) 



IV. RESULTS AND DISCUSSION 



A. Dielectric response 

Figure 2 shows the dielectric response of our 
KLT(5):Ca crystal at 1 bar. The inset in Fig. 2(a) 
shows e'(w,T) for an undopcd 4.3 at.% Li KLT crys- 
talii - a composition whose dielectric response is seen to 



4 




50 100 150 

Temperature (K) 



200 



FIG. 2: The 1 bar e' and tan 5 responses of the KLT(5):Ca 
crystal. The inset is the response of undoped KLT(4.3) ac- 
cording to Prosandeev et al. (Ref. ^3-) Three primary relax- 
ations denoted by A, B and C are noted in (b). 



be very close to KLT(5). The main overlapping peaks in 
this relaxational response are associated with the relax- 
ations of isolated Li+ dipoles (at the lower temperature) 
and with (Li"'' - Li"'") ion pairs with kinetic parameters 
E - 80(240) mcV and ~ 1.5 x lO^^ g-^ (7 x lO" g-^), 
respectivelyiii'iS'iS The relaxational dielectric response 
of our KLT(5):Ca crystal in Fig. 2(a) has some similar- 
ities to that in the inset, but there are important differ- 
ences. 

Starting at low temperatures, we note that the ampli- 
tude of e' below 20 K (~ 6000) is over an order of 
magnitude larger than that of the undoped KLT crys- 
tal of about the same Li concentration as shown in the 
inset in Fig. 2 (a). This strong low-T enhancement of 
e' in KLT(5):Ca is due to the Ca^+ doping. A feature 
in the KLT(5):Ca data in Fig. 2, namely a relaxational 
feature below 10 K, points to the mechanism for this en- 
hancement. This feature is shown in Fig. 3. The onset 
of this relaxation is reflected in the simultaneous highly 
dispersive decrease in e' and increase in tan i5 at 1 bar. 
This relaxation is accompanied by strong frequency dis- 
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FIG. 3: Low T dielectric response at 1 bar and 7.5 kbar hints 
at the onset of a low T (< 8 K) relaxation in KLT(5):Ca. 



persion in both e'{T) and tani5(T), a step in e'(T) with 
e' increasing from ~ 600 at the lowest temperatures (the 
expected value for this composition in the absence of Ca 
[See inset in Fig. 2 (a)]) to ^ 6000 at the plateau region, 
and a large peak in ian 5{T). These features are the sig- 
nature of a capacitive barrier layer that, for our present 
case, could be due to either a Schottky barrier or space 
charge accumulation at the metal contactsi^ 

We speculate that the relaxation is, in fact, associated 
with the activation of the Ca-donatcd free carriers (elec- 
trons). Specifically, the carriers are frozen at the lowest 
temperatures and are activated at the onset of the relax- 
ation. To check this hypothesis, we have measured the 
dc resistivity (p) of our crystal (using In/Ga eutectic as 
contacts). The results in Fig. 4 show that above the 
relaxation: p < 10^ cm, but that it increases sharply 
by over 3 orders of magnitude below 8 K, clear evidence 
of carrier freeze-out. These results also support Wem- 
ple^i early finding for KTaOaiCa that carrier freeze-out 
occurs only at the lowest temperatures. The dielectric 
measurements were repeated at a pressure of 7.5 kbar. 
Pressure suppresses the frequency dispersion and shifts 
the relaxation to lower temperatures. It also increases 
the amplitude of e'(T) in the plateau region by 15 % un- 
der 7.5 kbar. In early high pressure work on KT and 
other perovskites, Wemple et alm^ concluded that for 
these materials the electron mobility is related to e' by 
the relationship cx 1/e' + constant. Since e' decreases 
with pressure as a result of the increase in soft mode 
frequency, fj, can be expected to increase leading to an 
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FIG. 4: The temperature dependence of the resistivity, p{T), 
of KLT(5):Ca showing carrier (electron) freeze-out below 
10 K. It is the un-freezing of the carriers on heating that 
triggers the Maxwell- Wagner relaxation that results in the 
e — 6000 plateau in Figs. 2 and 3. 
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FIG. 5; The dielectric e'{T) and tan 5 responses of KLT(5):Ca 
at 7.5 kbar. Pressure shifts the responses to lower Ts and 
sharpens the relaxational features (compare to Fig. 2). 



increase in the conductivity. It is this increase in sample 
conductivity that is responsible for the increase in the 
amplitude of e'{T) in the plateau region with pressure. 
Simply stated, the higher the conductivity of the sample, 
the greater is the conductivity mismatch at the barrier 
layer and the higher is the relaxation step in e'm^ 

A similarity between the results shown in Fig. 2 (a) 
for KLT(5):Ca and the undoped KLT(4.3) in the inset 
is represented by the shape of the e'{T) response with 
its overlapping peaks, despite the fact that the absolute 
amplitudes of e'(T) for the two materials are vastly dif- 
ferent. In fact, the response in Fig. 2 (a) is qualitatively 
like that of undoped KLT(5), but "sitting on top of" an 
e' ~ 6000 baseline. Remarkably, for the undoped crys- 
tal in the inset, ^'^ax ^^e relaxational peak is ~ 6x 
its value at low temperatures, and this ratio is about 
the same for the KLT(5):Ca crystal. Pressure shifts the 
e'{(jj,T) response to lower temperatures and sharpens it 
somewhat maintaining its relaxor character (Fig. 5). 

An additional feature in the e'(T) response in Fig. 2 
(a) is the structure at temperatures below e'^^^. This 
structure is revealed more distinctly in the ta,nd{uj,T) 
response illustrated in Figs. 2 (b) and 5 (b). Some of 
this response is probably due to some inhomogcneitics or 



defects in the crystal, but there are three sets of relax- 
ational peaks that we wish to draw attention to. These 
are labeled A, B and C in Figs. 2 (b) and 5 (b) and 
all are Debyc-like, the relaxational frequency (or inverse 
relaxation time, t) obeying Arrhenius kinetics 

= = LUo cxp{-E/kT) (1) 

as shown for A and C in Fig. 6. The kinetic parameters 
are: E = 79(244) meV and Wo = 4.2 x 10^2(5 x lO^^) s'^ 
for A (C), respectively. These parameters are in close 
agreement with the above-cited values for the reorien- 
tation of the isolated Li"*" and Li^-Li"*" ion pair dipoles, 
respectively, in undoped KLT, and, thus, are unaffected 
by the light Ca doping. 

The mechanism for the reorientation of the Li+ dipole 
is by 7r/2 (90°) flips of the dipolar orientation among the 
six equivalent Li sites (Fig. 1 (b))i^^i^^i^^ At the 5 % 
Li concentration in KLT(5):Ca, the Li+ - Li+ ion pairs 
signature is clearly present in both the e' and tan i5 data. 
The reorientation of this ion pair is believed to be associ- 
ated with the reorientation of two nearest-neighbor Li"*" 
jQj^g^i8ji9j2ij22^ Doussineau et alm^ have suggested that, 
in their two degenerate lowest energy configurations, the 
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FIG. 6: Arrhenius plots for the Li+ [A] and Li+-Li+ pair [C] 
dipolar relaxations in KLT(5):Ca at 1 bar. 



pair dipoles are coUinear and aligned parallel to the line 
that joins their sites. The relaxation mechanism in- 
volves a simultaneous reversal of both dipoles in tt (180°) 
flips [Fig. 1 (c)]. Support for this mechanism comes 
from the absence of this relaxation in ultrasonic mea- 
surementsiiSiSS Because the postulated Li+ - Li+ pairs 
are centro-symmetric, a flip leaves the quadrupole mo- 
ment invariant, and this relaxation mode is not coupled 
to acoustic waves. Support has also come from recent 
first-principles calculations on KLT supercellsi^^ These 
calculations indicate that the pairs 180° reorientation 
proceeds via metastable intermediate steps. Addition- 
ally, the calculated hopping barriers for both the isolated 
Li"*" dipole and the pair are found to be in reasonable 
agreement with those deduced from the dielectric mea- 
surements. 

Relaxation B appears as a peak in tan (5 at 100 Hz, 
but is a shoulder at other frequencies. This shoulder 
becomes more prominent and more separated from the 
A and C relaxations at high pressure [Fig. 5 (b)]. An 
approximate separation of the B peaks, shows that this 
relaxation is also Debye-like with the same activation en- 
ergy E ~ 135 meV. We attribute this new B relaxation in 
KLT(5):Ca to the Ca^"*" dopant, since it is not observed 
in undoped KLT. But in any case, it is a minor feature 
in the response of KLT(5):Ca. 



B. Diffuse scattering and atomic shifts 

In the prototypical relaxor like Pb(Mgi/3Nb2/3)03 
(PMN), it is well established that diffuse neutron scat- 
tering appears around the nuclear Bragg peaks below 
the so-called Burns temperature - below which the po- 
lar nano-regions (PNR's) appear ii Therefore, the diffuse 
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FIG. 7: (Color online) (a) Temperature dependence of the 
(2, 0, 0) nuclear Bragg peak (black circles) and the diffuse 
scattering intensity measured at (1.05, 1,0). (b)-(d) Contour 
maps of the diffuse intensity around (1, 1, 0) at 11 K, 110 K, 
and 200 K. 



scattering originates from the atomic displacements in 
PNR's, and its structure factor Fdiff{Q) can be written 
as 



(2) 



where 6^, d„, and e~ " are the atomic shift, neu- 
tron scattering length, coordination vector, and Debye- 
Waller factor (approximately 1) for k atoms, respectively. 
Note that the diffuse scattering intensity is proportional 
to \Fdiff\'^- For PMN, anomalous atomic shifts in the 
PNR's are reported; the total shift is composed of two 
components - one is a set of shifts that conserves the 
ccnter-of-mass (CM) condition, and the other is a uni- 
form phase shift iS To verify if such anomalous shifts are 
also realized in the KLT system, we have carried out a 
study of the diffuse scattering from KLT(5):Ca. 

The black circles in Fig. 7 (a) show the temperature 
dependence of the (200) nuclear Bragg peak. Some relax- 
ors that have an actual FE transition at Tc, such as KLT 
with higher Li concentration and Pb(Zni/3Nb2/3)03 
(PZN) have been reported to show an increase in the 
nuclear Bragg peaks below Tc due to a release of extinc- 
tion. The present KLT(5):Ca crystal shows an increase 
of the (200) intensity below 75 K. Although our crystal 
does not show a sharp peak in the dielectric response at 
75 K, this temperature is consistent with the first hump 
in the e'(T) response in Fig. 2 (a) that corresponds to 
the slowing down of the fluctuations of the Li"*" dipoles. 
Additionally, the increase of the nuclear Bragg intensity 
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in the present crystal is only '--^ 50 % and it occurs grad- 
ually with decreasing temperature. This is in contrast 
to the behavior of KLT crystals with higher Li content 
which have a well-defined FE transition in the dielec- 
tric measurements; for these latter crystals the nuclear 
peak intensity increases rapidly by more than an order of 
magnitude at Tc&^ These facts suggest that the present 
crystal has a very small volume fraction of any fcrroelec- 
trically transformed area, and that a relaxor state is still 
dominant below 75 K, a conclusion supported by the di- 
electric results. Hereafter, we define this temperature as 
(not Tc) since no bulk FE transition occurs in our 
crystal. 

Temperature variations of the diffuse scattering around 
the (110) position are shown in Figs. 7(b) - 7(d). At 
T = 11 K, diffuse scattering ridges along the H and K 
directions are clearly observed. At T — 110 K, which 
is ~ 35 K higher than Tm, the diffuse ridges are still 
visible, and then, the diffuse scattering finally becomes 
unobservablc at 200 K. The temperature dependence of 
this scattering intensity measured at (1.05,1,0) is indi- 
cated in Fig. 7 (a) by open circles and shows gradual 
increase starting at ^ 150 K, suggesting that the Burns 
temperature of this system should be above this temper- 
ature. The diffuse scattering does not show the critical 
scattering behavior around T^, that is observed in re- 
laxor materials with a well-defined Tc, such as PZN2^ 
and KLT with higher Li content A Again, this is support- 
ing evidence that the present sample does not have a 
ferroelectrically well-ordered state. 

The observed diffuse scattering ridge along the [100] 
direction in the reciprocal space should correspond to a 
disk shape of PNR's which spreads in the {100} plane 
in the real space, as discussed in Ref. @ Similar pancake 
shaped PNR's in PMN and PZN-PT have been discussed 
in Ref. From the width of the diffuse peaks, we esti- 
mate the dimensions of the disk PNR's as 52(±10) A in 
the {100} plane and 16 (±3) A thickness in the [100] 
direction. 

Diffuse scattering profiles at several zones are shown 
in Fig. 8. A clear diffuse component appears as wide 
intensity tails around (110), and a small diffuse intensity 
is observed around (210). For (200), the longitudinal 
profile (iJ-scan) is somewhat peculiar; the Bragg peak 
itself has already a wide tail even at 160 K. (We note 
that a small hump at if = 1.93 is a powder line from 
the aluminum surrounding the sample.) The presence 
of this tail at this high temperature may be related to 
the dielectric results in Fig. 2 (a) that show relaxation 
associated with the Li"*'-Li+ dipolar pairs that extends to 
^ 200 K. We also find that there is an intensity difference 
between the results obtained at 160 K and 10 K at iJ ~ 
2.05. This difference, however, is suppressed quickly at 
H = 2.07, whereas the diffuse scattering decays gradually 
up to g = 0.1. Therefore, we conclude that the difference 
in intensities at H = 2.05 is not associated with diffuse 
scattering but results from possible broadening of the 
Bragg peak in the longitudinal direction below Tm- 
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FIG. 8: Comparison of diffuse scattering peaks at 10 K (open 
circles) and at 160 K (black circles) at various Q positions. 
Left and right figures show scans along the H and K direc- 
tions, respectively. 



Apparently, there is no clear diffuse signature around 
(100). Based on Eq. [3 structure factors for both (100) 
and (210) can be written as -Fdj//(Q) = [Q-S]{A-B-0) 
where A = 0.955K&K + 0.05(5Li&Li, B = Jxa&Ta, O = 6obo, 
and (S is a unit vector. This means that the difference 
in the diffuse intensity between (100) and (210) arises 
from IQI^. Our observation demonstrates an existence 
of diffuse intensity at (210), thus, the diffuse intensity at 
(100) should be simply too small to observe rather than 
being zero. 

In order to derive the atomic shifts by using Eq. |21 
we employ the relation Fdiff{110) = 1. 93 Fdi f f {210) and 
Fdiff {200) = 0. The former is based on a comparison of 
the diffuse intensities at (1.05, 1, 0) and (2.05, 1,0). Then 
we assume S to be parallel to the Li off-center direction, 
either [100] or [010]. Thus the local crystal symmetry 
inside the PNR is tetragonal. The PNR's with S = [100] 
and [010] are also assumed to be distributed with same 
population. These conditions give A = — 1.660 and B = 
— 1.340. Here we use the quantities 6k = 0.35, foxa = 
0.70, and bo = 0.58, and, for simplicity, neglect the Su 
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contribution since the Li content (5 %) is relatively low. 
Then atomic shifts that are normalized to the shift of the 
oxygen atom (So) are obtained as 

(5k = -2.89, 
<5Ta = -1.11, 
5o = 1.00. 

Remarkably, these values do not satisfy the CM con- 
dition, 5k,Mi^ — 0, where M is an atomic mass, 
Mk = 39, MTa = 181, and Mq = 16. A similar breaking 
of the CM rule has been found in the atomic shifts of 
PMNi^ Hirota et al^ proposed a model of TO phonon 
condensation with a uniform phase shift. In this model, 
the atomic shift can be expressed as = S^™ + 5"*, 
where (5^™ originates from the condensation of the TO 
soft mode conserving the CM condition, whereas 6"^ is 
a uniform shift of PNR's relative to the surrounding cu- 
bic matrix. Following the same procedure employed by 
Hirota et aL, we obtain 



— 

^Ta — 

rem 

— 



-1.90, 
-0.12, 
1.99, 
-0.99. 



It should be noted that, once the diffuse intensity ra- 
tios at different zones are given, the above quantities S, 
6'^"^, and J"^ arc uniquely derived only by a mathemati- 
cal procedure. The validity of the model can be tested by 
checking to see if 5^™ can reproduce the intensity ratio 
of the zone center TO mode. If (5^™ originates from the 
condensation of the TO soft mode, it should be propor- 
tional to the phonon polarization vector The inelas- 
tic structure factor -F'i„ei(Q) is expressed basically by the 
same formula as Eq. El where 6k should be replaced by 
From the obtained S^"^{(x ^k), a ratio of the inelastic 
structure factors |Fi„ei(200)|/|Ji„ei(110)| is calculated to 
be ^ 2.9. The observed zone-center TO phonons at (200) 
and (110) arc shown in Fig. 9 which were measured at 
room temperature. The solid lines are fits to a Lorentzian 
phonon crosssection and a Gaussian peak at energy trans- 
fer = convoluted with an instrumental resolution 
function. (The actual formula is given in the next sec- 
tion.) Our fits give |F,„ei(200)|/|i^™ei(110)| = 3.3(±0.3), 
which is in agreement with the value calculated from S'^™. 

Another check of the consistency of the data may be 
achieved by determining the contributions of the Slater 
and Last modes, which are two dominant optic modes in 
perovskite materials. In case of KLT, the Slater mode 
corresponds to an atomic motion whereby the oxygen 
ions and Ta ions move in opposite directions while the 
K ions do not move. The Last mode corresponds to 
the counter displacements of the TaOg octahedra and 
K ions. In order to satisfy the CM condition, the 
amplitudes (Ck, ■^Ta, ■fo) for the Slater and Last modes 
should be si = (0, -0.265, 1) and S2 = (-5.872, 1, 1), re- 
spectively. Designating the contributions of the Slater 
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and Last modes to 5*1 and 5*2, respectively, we obtain 
S1S1+S2S2 = (^K,^Ta,^o), giving Si ~ 1.6andS'2 ~ 0.3. 
Harada et alw^ have reported an almost 100 % contribu- 
tion of the Slater mode in the non-Li-doped KT, which 
is qualitatively consistent with the present observation 
giving an 85 % contribution by the Slater mode. In the 
Li-doped samples, it is possible that the K-ions can move 
more since the doped Li ions with their smaller radius 
effectively provide more space. This is possibly why we 
have a somewhat larger contribution of the Last mode in 
KLT than in KT. (In the same mannar, the small amount 
of Ca ions in our crystal, which shift to the off-center po- 
sitions in combination with the oxygen vacancies, may 
also cause the same effect.) 

The diffuse scattering in the relaxor KLT(5):Ca, there- 
fore, exhibits analogous behavior to that of the prototyp- 
ical relaxor PMN. Remarkably, the atomic shifts in KLT, 
that are characterized by the diffuse intensities, can be 
consistently explained by the uniform phase shift model 
introduced by Hirota et al. Accordingly, it is likely that 
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the uniform phase shift is a common feature in relaxor 
systems and is a key to understanding the fundamentals 
of the relaxor mechanism. 

The origin of the uniform phase shift remains some- 
what of an open question. Hirota et al^ have hypoth- 
esized that the phase shift in PMN occurs as the po- 
larized regions slide on an electric field gradient which 
is due to the existence of chemical ordered and disor- 
dered domains. In the ordered domain, Mg^+ and Nb^+ 
ions are ordered in 1:1 ratio, which breaks the charge 
neutrality in the domains, and thence the electric field 
gradient is induced in a comparable length scale to the 
PNRs. Although there are no such the electric field gra- 
dient in KLT, as Li+ and have the same valence, 
a somewhat analogous mechanism is likely operable. In 
this case, the large off-center displacements of Li ions 
produce two dipolar entities that are sources of random 
electric fields that can trigger the phase shift. Thus, we 
envision that for both KLT and PMN electric fields trig- 
ger the phase shift which is then superimposed on the 
ionic displacements associated with the FE soft mode re- 
sulting in the total measured displacements within the 
PNRs. 



C. Lattice dynamics 

In relaxor materials, anomalies of the transverse op- 
tic (TO) and the transverse acoustic (TA) phonons are 
expected to accompany PNR formation. A feature that 
has recently attracted a significant amount of attention 
is the strong damping of the TO mode below the Burns 
temperature at small g, a feature observed in both PZN2& 
and PMN^a. This is interpreted as a result of PNR for- 
mation that disrupts the long wave-length, i.e. small-g, 
optic mode. Also, the line width of the TA mode has 
been found to broaden below the Burns temperaturei^ 
We have studied the TA and TO phonons in the present 
relaxor KLT(5):Ca crystal in order to understand the lat- 
tice dynamics and to learn if such phonon anomalies are 
universal features of relaxors. It should be noted that the 
TO phonon in KLT originates mostly from the dynamics 
of the TaOg octahedra since the Slater mode is highly 
dominant as mentioned earlier. On the other hand, the 
relaxational behavior of doped Li ions appears in the di- 
electric response as we see in Sec. IV A. 

We have measured the phonons around the (200) Bragg 
peak since phonon structure factors at the other Q po- 
sitions that are accessible in the present condition of 
Ef = 14.7 meV are quite small. Figure 10 shows rep- 
resentative profiles of the TO phonons at the zone center 
(200) and of the TA phonons at (2, -0.15,0). It is seen 
that, with decreasing temperature, the phonon energy of 
the zone-center TO mode decreases and the line width 
apparently increases, but the phonon remains a well- 
defined excitation at all temperatures. The TA phonon 
peak also broadens as the temperature decreases. 

In order to extract more insight, all of the profiles have 
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been analyzed by fitting to the resolution-convoluted 
phonon scattering function 



(3) 



X"(q,f^) = 



(4) 

where 51 is the neutron energy transfer Ei — Ef, n(fl) = 
-^l^^n/ksT _ -[^"j jg ^jjg Bose factor, ^Iph is the phonon en- 
ergy, F(r2) is the half-width-at-half-maximum (HWHM) 
of the phonon spectrum, and / is the amplitude. To fit 
the TO spectra, the following dispersion relation was uti- 
lized; 



(5) 



where fJg is a zone-center TO phonon energy, and C = 
40.3 meV^A^ determined from the dispersion at room 
temperature. For fitting of the TA profiles, the dispersion 
is taken to be linear in q. 

The fits thus obtained are shown by solid lines in Fig. 
10 where the flat background is also adjusted. Dashed 
lines represent elastic peaks at = which are assumed 
to be Gaussians. The fitting parameters are summarized 
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(c) Zone-center TO phonon energy squared (open circles) 
and phonon line width F (black circles) as a function of tem- 
perature. 



in Fig. 11. As shown in Fig. 11 (a), the TO mode 
softens gradually with decreasing temperature, but the 
dispersion is well-defined at all temperatures - in con- 
trast to those of PMN and PZN. The TO mode soften- 
ing is clearly seen in Fig. 11 (c) where the zone-center 
TO phonon energy squared Oq plotted by open circles 
decreases linearly with temperature. This implies that 
the system still maintains an incipient lattice instability 
towards the ferroelectric state even with dopant Li ions 
present, similar to KT— and several KLT compositionsi^ 
Although the TO dispersion is well-defined at all temper- 
atures, the TO phonon peak shows a small broadening 
at low temperatures. The line width T of the TO mode 
at the zone center, represented by the closed symbols in 
Fig. 11 (c), increases with decreasing temperature, char- 
acteristic soft mode behavior for ABO3 perovskites. 

The TA phonon dispersion at room temperature is 
shown in Fig. 11 (a). We have observed a small softening 
by 1 meV of the TA phonon energy at q = 0.15 r.l.u. 
from room temperature to 10 K with a linear decrease 
in this energy. The TA phonon peaks are sharp and 
nearly resolution limited. It is somewhat difhcult to eval- 
uate an intrinsic line width by deconvolution analysis 
which gives a large ambiguity for the resolution-limited 
peaks. Therefore, we have fit the TA profiles to a simple 
Lorentzian function to determine an effective line width. 



The line width, shown in Fig. 11 (b), increases with de- 
creasing temperature even above T^. This temperature- 
dependence resembles that of the diffuse intensity shown 
in Fig. 7 (a), implying that the TA line broadening ac- 
companies the formation of PNR's. 

There are interesting similarities and differences in the 
phonon behavior between the present KLT(5):Ca mate- 
rial and the prototypical relaxors PMN and PZN. In the 
case of PMN and PZN, the TO phonon softens follow- 
ing f^Q oc r above the Burns temperature T^. It then 
becomes strongly damped in the temperature range of 
Tc(or r„) < T < Td, and finally recovers below (T„) 
- and subsequently hardens with further decrease in T - 
again following JIq oc Ti ^'*^!?? For the present KLT(5):Ca 
crystal, the TO phonon softens in the same manner, 
although it does not harden below because there 
is no macroscopically well-developed ferroelectric state. 
The softening at high temperatures for all these mate- 
rials means that the relaxor state sets in ABO3 lattices 
that have incipient lattice tendencies towards ferroelec- 
tric transitions. This is as expected because the high 
polarizability of these FE mode lattices results in large 
correlation lengths for dipolar interactions and favors the 
formation and growth of PNR's below the Burns tem- 
peraturei^ No hardening of the TO phonon below Tm 
in the present crystal means that the sample remains in 
the relaxor state at low temperatures. Consistent with 
this conclusion, the crystal shows neither a well-defined 
transition in the dielectric measurements nor a large ex- 
tinction release of the nuclear Bragg peaks. 

Another observed difference between KLT and PMN 
(PZN) is the absence of strong damping of the TO 
phonon in the present KLT(5):Ca crystal, which is fre- 
quently associated with the "waterfall" anomaly ob- 
served in PMN and PZN. We speculate that this ab- 
sence of strong damping occurs because the PNR's in 
the KLT(5):Ca crystal have small size and a small vol- 
ume fraction. Thus, these PNR's are not robust enough 
to dampen the TO phonon, but nevertheless can broaden 
the line width as shown in Fig. 11 (c). An alternative ex- 
planation for the waterfall effect has come from a recent 
neutron scattering study of 60%-PbTiO3 doped PMN by 
Stock et al^ that revealed the existence of the waterfall 
anomaly even though the sample exhibits long-range or- 
der, suggesting that the waterfall is unrelated to PNR's. 
They have argued that the waterfall results from random 
fields due to the chemical disorder (i.e., valence fluctua- 
tions). It is important to note, however, that although 
mixed PbTiOs-PMN samples exhibit FE order, they are 
highly, compositionally disordered and still exhibit con- 
siderable relaxor character. If random fields are respon- 
sible for the waterfall effect, then it should be seen in 
KLT where the Li dipoles produce strong random fields. 
Therefore our conclusion at this time is that the PNR ex- 
planation for the waterfall effect should not be dismissed. 
However, further work is necessary to firm up the origin 
of this interesting effect. 

As for the TA phonon behavior, in contrast to our 
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KLT(5):Ca sample, Toulouse and Hennion^i have re- 
ported that the TA phonon of KLT(3.5) splits into two 
modes below Tc = 52 K corresponding to a tetragonal 
symmetry of the ferroelectric state. (They claim that 
their KLT(3.5) sample shows an FE transition at 52 K 
from the dielectric measurementsi^) Our crystal shows 
only TA phonon broadening and no splitting because it 
does not have a ferroelectric transition. As shown in Fig. 
11 (b), the TA broadening appears to start above Tm, and 
possibly at Td which should be around 200 K as noted 
earlier based on the dielectric measurements and the dif- 
fuse scattering. Thus, the TA phonon is also affected by 
PNR formation. In contrast to this behavior, PMN and 
PZN have been reported to show TA phonon broadening 
at temperatures in the range of Tc < T < Such be- 

havior has been recently interpreted in the framework of 
a coupling of the TA mode to the diffuse component since 
the TA broadening is strong at the Q positions where the 
diffuse scattering is strongi^2i2^ More detailed measure- 
ments are necessary to determine if such coupling effects 
also exist in KLT as a manifestation of a common feature 
of relaxors. 

Finally we discuss the TO phonon energy that depends 
on the Li concentration. Comprehensive study of the TO 
soft mode using hyper-Raman spectroscopy for various 
Li concentrations have been carried out by Vogti^ It is 
clearly demonstrated that the TO mode frequency flo 
increases with Li content x following a linear relation 

nl{x,T) = nl{0,T) + Ax. (6) 

In fact, the fip value of our KLT(5):Ca crystal is higher 
than that of the pure KT measured by the neutron scat- 
tering by Axe et al^ However, it is even higher than 
that of the x = 0.087 sample measured by Raman spec- 
troscopy by Vogt. To address this problem, we test the 
relation of Eq. [fusing the present KLT(5):Ca sample and 
another KLT crystal with x = 0.10. 

The latter sample was grown in the same manner, but 
is free from Ca impurity. It has a clear FE transition at 
Tc = 113 K evidenced from dielectric measurements and 
neutron scattering experiments. (Details of this sample 
will be published elsewherei^) The quantities of r,„ = 
75 K for KLT(5):Ca and = 113 K for KLT(IO) are 
consistent with freezing temperatures, Tg , summarized in 
Ref. 13 suggesting a validity of the estimation of the Li 
contents. 

The zone-center TO phonon energy squared flQ{x,T) 
at T = 10 K and 300 K are shown in Fig. 12, together 
with those of pure KT referred from Ref. 0. It is clearly 
demonstrated that the linear relation of Eq.|Bl stands for 
the scries of our samples. This is further evidence of 
proper Li concentrations of our samples, and also, it im- 
plies that the small amount of Ca impurity has only a 
minor effect on the lattice dynamics properties. We be- 
lieve that the disagreement of Og with those of Raman 
data by Vogt is due to a systematic difference of the Li 
content evaluation. 
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FIG. 12: Li concentration dependence of f2o at T = 10 K and 
300 K. Data of pure KT (closed symbols) are adopted from 
Ref. 0. The lines are results of fits to Eq. ^ 



V. CONCLUDING REMARKS 

The origins of some aspects of the relaxor behavior in 
ABO 3 oxides remain as somewhat open questions. For 
the prototypical relaxors PMN and PZN, however, it is 
clear that the chemical (valence) disorder of the Mg and 
Nb ions and the associated random fields play an im- 
portant role by disrupting FE correlations leading to the 
relaxor state. In the KLT system Li dipoles also produce 
random fields that are thought by some to be responsi- 
ble for the relaxor behavior (e.g., see Ref. . We note, 
however, that the situation in KLT is different from that 
in most ABO3 relaxors in that the parent crystal KT has 
no FE order to disrupt. In fact, at very low Li concentra- 
tion in KT the Li dipoles exhibit essentially dipolar glass 
response with no correlations among dipoles. Such corre- 
lations develop with increasing Li concentration leading 
to the evolution of a relaxor state 

Combining the relaxational behavior and the neutron 
scattering results, we can draw the following picture for 
KLT(5). At the Burns temperature, PNR's start to form 
triggered by off-center displacements of the Li ions. The 
symmetry of these polar regions is tetragonal, and the 
observed ionic displacements consist of the displacements 
associated with the soft FE mode on which is superim- 
posed a uniform phase shift. 

Below the Burns temperature, the dynamics of Li 
atoms appears as the relaxational behavior in the di- 
electric response. As temperature decreases dipolar fluc- 
tuations are reduced and stronger correlations develop 
among the PNRs that grow in volume, as evidenced by 
the growth of diffuse scattering intensity. Slowing down 
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of dipolar fluctuations sets in at a temperature corre- 
sponding to the peak temperature in the dielectric con- 
stant and continues on further cooling. Although the 
present sample shows no bulk FE transition, the increase 
of the Bragg intensity below 75 K, where the Li-Li pair 
becomes well static (lOOO/T ~ 13 in Fig. 6) is indicative 
of larger PNRs (which arc nano FE domains) or even the 
presence of larger FE domains in a sea of rclaxor phase. 

In summary, we have measured the dielectric response 
and lattice dynamics in the relaxor KLT(5):Ca where a 
small amount of Ca was incorporated into the KLT crys- 
tal. Both types of results affirm that the present crystal 
remains in the relaxor state and does not develop a fer- 
roelectric state at low temperatures. Dielectric constants 
that are sensitive to impurities exhibit strong enhance- 
ment attributed to free electrons from the Ca dopant, 
however the relaxational features including Arrhenius pa- 
rameters of Li"*" ion and Li"'"-Li"'" pair dipolar relaxations 
are not affected by the Ca. 

Neutron scattering results for KLT(5):Ca compared 
with those of the relaxor PMN highlight common fea- 
tures in relaxors. Lattice displacements in PNR's de- 
rived from the diffuse intensities suggest that the model 
of the normal soft-mode condensation with an additional 
uniform phase shift within the PNR's is also relevant in 
KLT. This means that we cannot rule out a contribu- 
tion of the zone-center TO soft mode to the formation 
of PNR's. However, the TO soft mode remains at rela- 
tively high energy compared to that of PMN, and it also 
remains well-defined in contrast to the heavily-damped 



nature characteristic of PMN. We believe that this dif- 
ference reflects the fact that KLT(5):Ca is a weak relaxor, 
essentially a dipolar glass, whereas PMN is the prototyp- 
ical strong relaxor. A more comprehensive study will be 
required in order to extract the precise nature of the spe- 
cific coupling between the TO phonon and the relaxor 
mechanism in this system. 
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